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Abstract: In a sustainable economy, smarter cities need energy networks that can deliver 
consistent electricity while maximising the use of intermittent renewables. Therefore an un-
derstanding of the available resource and a means for viable integration of distributed genera-
tion (DG) is required. In this research, energy harvesting of the wind climate is considered in 
the context of distributed wind generation (DwG) as an integral component of a smarter elec-
tricity network. The approach combines wind climate modeling of the resource at the urban 
scale with enhanced electricity network simulation. The former considers energy harvesting 
potential while the latter investigates the opportunities for this form of renewable electricity. 
 
 
1. Introduction 
 
Cities are responsible for between 71% and 76% of CO2 emissions from global final energy 
use [1], much of it derived from fossil-fuel based electricity generation. The connection of 
small and micro-generation at consumer level could contribute positively towards national 
renewable energy targets; particularly in a smart grid context. This kind of evolution requires 
a more integrated, distributed and bi-directional energy supply chain, which is representing a 
tough challenge for distribution network operators. Electricity networks were originally de-
signed for a vertically integrated power system with several large power plants and a mainly 
passive grid. The presence of generation units in distribution networks leads to the need for 
detailed modeling and for smarter energy networks, a particular focus on the low voltage (LV) 
grid is required. These networks are generally asymmetrical with unbalanced loading condi-
tions on the three phases. 
     Wind turbines, as integral components of a renewable energy mix, are most efficient when 
air flow is strong and steady, that is high mean wind speeds with little variability in speed or 
direction. Urban areas disturb the airflow and produce lower wind speeds (relatively) and sub-
optimal environments for turbines. A major (technical) barrier to the effective deployment of 
wind turbines in these areas is due to a lack of accurate methods for estimating wind speeds 
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and energy yields at potential urban sites [2]. This is because cities are aerodynamically 
rough, heterogeneous and have a highly localised and complex wind environment. Further-
more, there is general acknowledgement that rougher landscape characteristics in cities will 
also result in an increased level of turbulence that will further degrade wind turbine output. 
     This paper summarises ongoing research that studies how best to integrate the wind re-
source into a smarter urban energy networks.  
 
 
2. The urban wind resource and energy harvesting 
 
The focus of this research is the application of an enhanced urban wind climatology apprecia-
tion for an energy harvesting context that involves micro/small wind energy connections at 
consumer level within distribution networks. This is considered here in two parts: 1) urban 
wind speed complexity and 2) electrical engineering modeling, which is further separated into 
how turbulence affects wind energy systems and how distribution networks, in the context of 
LV consumers, can engage with micro/small wind energy systems. 
 
2.1 Urban wind complexities 
 
The wind resource close to the urban ‘surface’ (that is, near rooftop height) is highly variable 
in space and time. Turbines located at or near rooftops experience a highly localised wind en-
vironment that has proved difficult to predict from measurements made elsewhere. Some re-
searchers have used computational fluid dynamic modeling to ascertain the potential of build-
ing mounted turbines [3]. That work has shown the sensitivity of energy output to turbine po-
sition and mounting height with regard to the building, such that small changes in location can 
have dramatic impacts on performance. However, this approach is of limited value if a routine 
approach to site evaluation of the available wind resource is to be developed.  
     Empirical tools employ the acquired knowledge of the atmospheric boundary layer to es-
timate the properties of near surface airflow from standard observations adjusted for local 
considerations (e.g. variations in the roughness of surface cover and terrain). These schemes 
derive vertical profiles of the horizontal wind to characterise the wind potential for turbines 
[4]. There are also wind atlases that employ air flow models that account for the effects of to-
pography [5]; mean wind speed over an area of 1km
2
 is estimated as a function of height by 
employing both the regional wind climate and the roughness characteristics of the surface [6]. 
For example, the small scale wind resource study [7], was later developed into a freely avail-
able tool by the Carbon Trust [2] as was a wind speed estimation tool, as suggested by Drew 
et al in [8]. These types of wind speed profiling tools/databases generally employ transfer 
functions to transfer the properties of regional scale wind climates to an area of interest.  
     The empirical techniques have proved useful in evaluating locations for wind farms where 
turbines are located in an exposed setting at a considerable height above extensive surfaces 
that are relatively homogenous (grass, crops or shrub). However, they are of limited use for 
micro-generation in cities where buildings generate considerable turbulence and the urban ter-
rain is heterogeneous. Researchers such as Millward-Hopkins et al [9] are improving urban 
wind modeling capability, but there remains a need for observations of wind speed close to 
urban rooftops to provide validation for model results [10]. 
     Depending on the period of examination, we can decompose the wind field into a mean 
and fluctuating component. 
     )()( ii dVVV        (1) 
where    is the mean wind speed and dV is a fluctuating or turbulent wind speed component.  
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     A commonly employed means of assessing the mean wind speed available at an urban site 
is to use the log wind profile (2) to describe the vertical profile of horizontal airflow,  
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Where   is the von Karman's constant (0.4), z  is height above the ground, z0 is the roughness 
length and zd is the displacement height (below which there is no mean flow) and u* is the 
frictional velocity. This relationship describes wind-speed in the direction of airflow within a 
boundary layer where airflow has adjusted to the underlying surface. Observations made at 
standard meteorological stations fit this description and may be used to evaluate the back-
ground wind resource, within which the urban effect occurs. By modifying the parameters of 
eq. (2), wind-speed over an urban surface may be extrapolated from observations made at 
these ideal sites, with an important caveat. The considerable variation among roughness ele-
ments (buildings and trees) means that the turbulence generated extends well above the 
heights of buildings. The depth of this roughness sub-layer (RSL) in cities extends from the 
ground to between two and four times the heights of buildings (zHm). In other words, the log 
profile can be used to describe the wind profile above the RSL. Below this height the profile 
is more complex and eq. (2) does not apply.  
     From a turbulent wind flow perspective, turbulence intensity (TI) is the most common met-
ric to explain the turbulent effect [11]. In this regard, TI is the standard deviation of the wind 
speed     normalised with the mean wind speed   (3). 
      
u
IT u

..      (3) 
The link between both the reduced wind resource and the manifestation of turbulence (in a 
neutral climate such as Ireland’s), is the surface roughness length (z0). This highly direction-
ally sensitive parameter refers to how homogeneous or heterogeneous the surface characteris-
tics that define a particular area. These areas can consist of grassland, high-rise buildings and 
even water sources. Furthermore, urban surface elements (i.e. buildings and trees) are often 
arranged into patterns that may generate organised motions both between and above build-
ings. The complex morphology experienced in an urban environment results in a modified 
flow and turbulence structure in the urban atmosphere in contrast to the flow over ‘ideal or 
homogenous’ surfaces [12]. However, depending upon the scale one considers, all surface 
roughness characteristics are analogous to blades of grass in a field. In other words, heteroge-
neity in landscape can be considered as homogeneity if the height above the surface is suffi-
cient. In this way, surface roughness characteristics (z0) can be grouped into classifications or 
lengths describing how fractious or rough a particular landscape might be [13]. So notwith-
standing the previously suggested limitations of log law application, some work, such as that 
by Cheng and Castro [14] has shown that a single log-law spatially averaged mean velocity in 
the roughness sub layer is achievable, provided an appropriate frictional velocity for the sur-
face is known. Consistent with [14], the analyses in [15] also concluded that the friction ve-
locity (u*) is a an intrinsic parameter in a rural/urban wind profile extrapolation.  
     The urban wind resource research reported on here is based on observations made at three 
sites in Dublin, one of which (Dublin Airport) represents a reference station that provides in-
formation on the ‘background’ wind climate. The two urban sites as described in [15], are fur-
ther employed in the modeling of how turbine performance is affected by turbulence [16].  
 
2.2 Energy harvesting concerns and distribution network issues 
 
Wind turbines extract kinetic energy from moving air, converting it into mechanical energy 
via the turbine rotor and then into electrical energy as described in eq. (4),  
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where the mechanical output power (P) is a function of the performance coefficient of the tur-
bine (Cp), the density of air (ρ), the area swept by the turbine projected in the direction of the 
wind (A) and wind-speed (u). The two factors that regulate power then are the turbine tech-
nology and the wind resource. The aerodynamic conversion losses are significant and accord-
ing to Betz’s law, only 59.25% of the kinetic wind energy can be converted into mechanical 
power (Pmech). This is a guideline figure and is generally much lower (due to blade roughness, 
hub loss, wake rotation and tip losses) and could be as low as 36.2 % for large scale wind tur-
bine systems [17]. A flow of power conversion in a wind turbine system is presented in con-
text in Fig.1.   
 
MECHANICAL 
POWERWIND 
POWER 
(100%)
ELECTRICAL 
POWER 
OUTPUT
 
 
Fig. 1:  Flow of Power Conversion in a Wind Turbine System 
 
     Most commercially available wind turbines have overall efficiencies typically around 30% 
[18]. The cumulative energy output of a generator is often presented as a capacity factor: the 
ratio of the measured turbine yield to the maximum output over a given time period. Estab-
lishing the capacity factor a priori is essential for calculating the economic return on invest-
ment in wind turbine technology. As discussed in section 2.1, an urban environment will have 
a lower mean wind speed relative to a rural environment. Clearly, as the power generated is 
proportional to the cube of the wind-speed, small variations in wind speed will have a signifi-
cant impact on the wind turbines productivity. Moreover, as reported in this paper, eq. (4) is 
also applicable in describing the affects of turbulence on the productivity of a wind turbine, 
except in that regard, the affect on the turbine power curve modelled.  
     Turbulence has been shown to have an effect on the wind turbine power characteristic. 
Field trials by Lubitz [19] as well as correlation techniques by Langreder [20] have illustrated 
this point. The research undertaken by both Lubitz and Langreder concluded that turbulence 
has positive effects at low wind speeds and negative effects at higher wind speeds. Albers 
[21] provides a means and justification of normalising the turbine characteristic for site spe-
cific measurements of TI. Albers hypothesis is that if the wind speed within an observation 
period (10 min) is Gaussian distributed, it is fully determinable by the average wind speed and 
by the turbulence intensity (or standard deviation of wind speeds within the observation pe-
riod,         , based on eq. (3)). This method if slightly amended has the ability to gen-
erate a power curve for a given turbine at any given TI value. Furthermore, this approach can 
be extended to other distribution characteristics, such as the Weibull distribution.  
    An improved understanding of the urban wind resource, coupled with the affects of turbu-
lence, facilitates an enhanced distribution network engagement context for wind energy. This 
context is only possible however, if a distribution network model, capable of accurately repre-
senting the network’s configuration, safety aspects and load/generation capacity at LV con-
sumer level, is available. Such a model, which is the starting position for a smart network, 
needs to be able to reflect that at LV consumer load is not distributed in a balanced manner. 
25-30% 
 
Converter 
Losses (5%) Electric Generator 
Losses (7-12%) 
Aerodynamic 
Losses (≈58%) 
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Such load distribution may cause voltage unbalance across the network. Furthermore, if in-
creased penetrations of distributed generation are to be facilitated, the network needs to be 
able to accommodate bi-directional power flow. Historically, distribution networks accom-
modated electrical energy in a hierarchical top-down manner, so bi-directional energy flows 
could cause difficulties for the associated protection regimes. 
     The power flow calculation is used to compute the steady state operating condition of a 
power system and its solution should be fast, require low storage requirements and be reliable 
and versatile through an inherent simplicity [22, 23]. The algorithms generally adopted are 
Gauss-Seidel or Newton-Raphson (and its decoupled versions [24]), which are sufficiently 
robust and fast even for large networks but don’t allow a very easy extension to a multi-phase 
system. 
     This paper utilizes an n-phase power flow approach, as described in [25] which is based on 
a complex admittance matrix methodology [26] to consider a representative urban distribution 
network [27, 28]. The main feature of this method is the inherent flexibility in how multi-
conductor network models and their associated effects are considered. Mutual coupling influ-
ences between phases, are computed through a method that was originally developed for cal-
culating electromagnetic coupling of complex conductor geometries [28]. The model devel-
oped allows for the system earthing, the primary customer safety provision from a network 
perspective, to be modeled. The algorithm presented here has been applied to a 4-wire repre-
sentation of a suburban distribution network within Dublin city, which incorporates consumer 
connections at single-phase (230V-N). 
 
 
3. Methodology 
 
3.1 Wind observations 
The reference site is located at the Airport (A), which is located on the margins of the city, 10 
km from the city centre. The site conforms to the WMO standards for synoptic weather sta-
tions and is managed by Met Eireann, the Irish Meteorological Service. From an urban wind 
modeling perspective, the wind records are used to represent the wind climate that would be 
present across the Dublin area in the absence of the city itself.  
 
[SL]
CITY
[C]
[CH]
[SH]
<500m <30m
SUBURBAN
[S]
12m
17m
Hm
Z*
Z*
Hm
[CL]
7m
5.5m
 
 
Fig. 2: Relative context of wind observation locations illustrating the relative position of the observation plat-
forms and a z* estimation for both the urban (C) and suburban (S) locations [15]. 
 
     The two other observation sites represent two distinct urban landscapes. One is located 
close to the city centre (C) in an area that has mixed residential, industrial and commercial 
uses. The buildings vary considerably in dimensions and there is comparatively little green 
space. Site (S) is located in a mature, vegetated suburb, where the dimensions of the buildings 
are nearly uniform and the land use is residential in character. At each site there are two 
measurement platforms at different heights with regard to the urban surface. The high plat-
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form (CH and SH at the urban and suburban locations respectively) is at least 1.5 times the av-
erage height of buildings (Fig. 2). Both high-platforms are facilitated by a Campbell Scientific 
CSAT3 three-dimensional sonic anemometer (10Hz). Each of the stations is positioned within 
a broadly defined ‘homogenous’ landscape in the sense that the character of the surrounding 
urban morphology is similar in all directions. This is especially true of the suburban site.  
 
3.2 Urban wind modeling 
 
Hourly airport data for the period November 2010-2011 was used for the urban wind resource 
consideration. The observations at the airport site are used to derive estimates of the wind re-
source at both urban sites. The primary focus of the work presented here is on wind at the top 
of the RSL (u(z*)) where turbine losses due to unsteady winds are minimized. Initially, the 
background wind conditions for both observation sites is established by extrapolating (using 
eq. (1)) from the airport site upwards to a height well above the surface roughness elements 
(zr), which here is set at 200 m. The wind at this level (u(zr)) is then used to estimate the wind 
resource at the top of the RSL (u(z*)), which is situated close to observations at both high-
platform positions. 
     This paper, for brevity, prioritises a log-fitting approach to both estimate u(z*). The log-
fitting approach is achieved by numerically fitting z0  and u*  estimates, for each urban site, to 
the observed data at both high-platforms, using the established values for u at the reference 
height of 200 m as an upper boundary condition. This fitting is done by varying z0  and u* in 
eq. (1) so as to minimise the error between estimated and measured wind at each site.  
 
3.3 Turbulence modeling 
 
At the two sites described in section 3.1, 10Hz wind measurements were taken over a 40 day 
period from 4/4/2012 to 15/5/2012. A 10 minute sampling period bench mark was employed; 
this period is used on a moving window basis with each window consisting of 6000 samples 
(10 minutes at 10Hz).  
     Two models have been developed. The first is based on an approximation to the methodol-
ogy presented in [21], with the second based on the Weibull distribution. The methodology, 
as described in detail in [16], uses a manufacturer’s wind turbine power curve that is modified 
on the basis of varying TI and wind speed so that the turbine power output for each 10 minute 
summary of observed TI and mean wind speed, through a ‘look-up table’, can be obtained.  
     The specific turbine power curve, a Skystream 3.7, 2.4kW, is decomposed within MAT-
LAB into a polynomial equation that can be applied to any set or subset of wind speeds; sub-
ject to limiting the power curve in terms of both cut-in wind speed and for wind speeds in ex-
cess of the power curve’s maximum specified wind speed. 
 
3.4 Distribution network consideration 
The network considered in this work is depicted in Fig. 3. It consists of a section of LV (ur-
ban) distribution network incorporating 74 households facilitated by 10 mini-pillar connec-
tions (along the LV feeder) and supplied by a 10/0.4 kV supply.  
     The network is radial in structure with the sub-distribution branch section (pillar) accom-
modates single-phase consumer connections (domestic installations). The supply voltage at 
the 10/0.4 kV transformer operates in accordance with the assumed maximum voltage drop 
limits as defined in the EN50160 voltage standard [29]. Essentially, the DNO is prescribed to 
deliver electricity in a voltage range of 207V to 253V (±10% VNominal of 230V). In the analy-
sis presented here, the sending voltage at the feeder bus is +5% with respect to the nominal 
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voltage. The passive network model parameters and associated data were supplied by the Irish 
DNO, ESB Networks [27]. 
 
4xcore 70sq, Al
4xcore 70sq, XLPE
4xcore 185sq, XLPE
25/16sq, (Concentric Neutral) L1
25/16sq, (Concentric Neutral) L2
25/16sq, (Concentric Neutral) L3
Node identifiern
DwG installation
 
 
Fig. 3: Section of (Irish) urban distribution network mini-pillar/consumer interconnections illustrating load pro-
file variation and domestic (micro) generation connections.  
 
 
4. Results 
 
 
Fig. 4: Scatter-grams comparing the (high-platform) observed and modelled wind 
 
     The estimated z0  at the city and suburb sites is 0.87 and 0.52 m respectively. Both of these 
values are within the range of roughness associated with each landscape [13], but are on the 
low end (especially for the city site). These z0 values represent an average for the urban land-
scape, weighted by the frequency of wind from a given direction. The resulting model de-
scribes the observations closely. Fig. 4 plots the observed against the estimated wind-speed at 
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both the urban and suburban sites – the coefficients of determination (r2) are 0.92 and 0.88, 
respectively. Note that the scatter of points is consistent across the range of observations. 
     The log-fitting model is subsequently considered to establish the network voltage profile 
over 8760 hours, or a typical mean year. In this regard, a first order Markov chain is em-
ployed to ‘extend’ the model to facilitate statistical consistency [25]. In this regard the 
Skystream 3.7 and representative consumer load are applied [25]. 
     The network voltage profiles, for a typical year for the urban location are illustrated Fig. 5. 
Voltage breaches are incurred on L2 and L3 only. With respect to L2, there are on average up-
per voltage breaches (>1.1pu) on 0.051% of the year at the urban sites, with the urban wind 
speed causing the maximum breach of 1.102pu. For a similar comparison of the voltage 
breaches incurred on L3, there are on average upper voltage breaches on 0.715% of the year.  
In consideration of an unbalance range between 0.15% and 0.3%, the pillar voltage unbalance 
was within said range on 13.42% at the urban location. The maximum voltage unbalance at 
pillar J was 0.296% 
 
 
 
Fig.5: Network Pillar/Consumer Profiles for a mean typical year (100% consumer generation integration) 
 
     Table 1 presents a capacity factor consideration for both urban/suburban locations in re-
spect of the Skystream 3.7 wind turbine. The capacity are comparable to those observed by 
Drew et al. in their analysis of micro wind generators across the greater London area [8]. 
 
Table 1: Generation capacity (typical mean year) in terms of the Skystream 3.7 wind turbine 
 Cumulative Energy [kWh] Capacity Factor [%] 
Urban (CH) 3250.1 15.46 
Suburban (SH) 2727.0 12.97 
 
Finally, an investigation into how the distribution network voltage profile as a consequence of 
turbulence affected wind turbine, is considered. The results from [16] are utilised to acquire a 
perspective on how the modelled distribution network reacts to a turbulently described wind 
input. In this regard, the output of the Skystream 3.7 is considered three ways. An observation 
aggregated average power, is compared to an average power based on the average wind speed 
over the observation window. Both averages are compared to the models developed in [16]. 
     Fig. 6 illustrates the maximum/average voltage profiles ((a) and (b) respectively) for the 
suburban location (S). It suggests that at the higher wind speeds, the Albers and Weibull ap-
proximations [16] over estimate turbine power output leading to a higher network voltage pro-
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file. Furthermore, the dynamics of the turbine are not incorporated in the models. The dynam-
ics of a wind turbine will affect the power output of a wind turbine, particularly in urban envi-
ronments and are likely to reduce overall turbine productivity. In this regard, the overall sys-
tem voltage profile would be somewhat depleted and over voltages would be less likely. 
 
(a) 
 
(b) 
 
 
Fig.6: Turbulence considered Maximum and Mean Voltage profiles  
 
 
5. Conclusion  
The paper summarises a power flow analysis of a representative city distribution network that 
was based on an urban wind resource consideration. Initially a mean wind resource was con-
sidered with subsequent emphasis on the affect of turbulence on a wind energy system. For a 
scenario with generation connected at all consumers some over voltage breaches across the 
network will occur, but said breaches were relatively rare (<1% of 8760 hours). The results 
suggest that wind generation systems within urban environments should not inhibit the opera-
tional concerns of DNOs from a consumer voltage and network voltage balance perspective. 
The research presented here demonstrates a methodology applicable for Dublin. Further work 
will investigate if the method developed for these two sites could be extrapolated to other ur-
ban sites. In the manner in which the distribution network model was developed and how it is 
configured, other network structures and forms of renewable energies could easily be inte-
grated to investigate alternative energy scenarios that can include photo voltaic systems, elec-
tric vehicles and storage considerations. 
    Future work will also consider the dynamic response modeling of the input resource (wind 
turbine) is required as this may have further implications on the voltage volatility that may be 
experienced across the network.  
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